[1] The orthogonal pattern of NE and NW striking wrinkle ridges in Hesperia Planum makes this area unique and enigmatic. The wrinkle ridge morphologies revealed in Mars Orbiter Laser Altimeter topography across ridge structures in Hesperia Planum suggest that wrinkle ridges form above thrust faults. The timing relationship among wrinkle ridge sets is evident in the digital elevation models; thrust faults striking NE are older than the NW striking ridges. The NE striking wrinkle ridges show unequal development adjacent to the NW striking wrinkle ridges, and an echelon pattern throughout Hesperia Planum; therefore formation by two independent sequential sets is not likely. Reactivation of the older (NE) thrust faults from the younger (NW) wrinkle ridges, inferred from the observations, is tested by resolving Coulomb failure stress changes along the older thrust faults from slip along the younger thrust faults. We find fault reactivation is likely in Hesperia Planum, regardless of the deposit material (basalt or tuff). Previously, the NE striking wrinkle ridges were interpreted as forming prior to, or contemporaneous to, the Tyrrhena Patera flank flow unit. This observation and the continuation of many of these ridges into the Noachian highlands as thrust fault scarps suggest formation of NE striking thrust faults no later than the late Noachian/early Hesperian. The NW striking wrinkle ridges, forming after the emplacement of the late Hesperian/early Amazonian Tyrrhena Patera deposit, imply geologically recent thrust faulting. The combination of NE and NW structural events implies a stress state rotation in Hesperia Planum of about 90°between the late Noachian and early Amazonian.
Introduction
[2] Mare-type wrinkle ridges are linear to arcuate asymmetric topographic highs, consisting of a broad arch topped by a crenulated ridge, where the entire structure is the ''ridge'' and crenulated portion is the ''wrinkle'' [Strom, 1972; Watters, 1988] . The origin of this type of planetary structure, commonly observed on the Moon [e.g., Lucchitta, 1977; Sharpton and Head, 1988] , Mars [e.g., Chicarro et al., 1985; Plescia, 1991; Watters and Robinson, 1997] , Mercury [e.g., Strom et al., 1975] and Venus [e.g., Bilotti and Suppe, 1999; Hansen, 2000] , is an anticlinal fold that begins and grows as a result of slip on a blind-thrust fault at depth [Schultz, 2000] . The surface morphology of particular wrinkle ridges depends on factors related to the main thrust fault, such as fault-dip angle, fault-dip direction, fault length, and displacement distribution; with additional factors being geometry of folding, crustal stratification, interface strength, and degree of strain localization [Mangold et al., 1998; Schultz, 2000; Okubo and Schultz, 2003] . Backthrusts form as a result of strain localization due to beddingplane slip and flexural-slip folding. Wrinkles are the surface expression of backthrusts. Topographic offset across wrinkle ridges is consistent with blind thrusts that do not flatten into a décollement at depth [Schultz, 2000; .
[3] One of the classic areas for Martian wrinkle ridges is the Lunae Planum region, an extensive area of ridged plains in the Tharsis province [Watters and Maxwell, 1986] . The wrinkle ridges in this area display a distinctive circumferential pattern around the Tharsis Plateau and are generally distributed in a broad, discontinuous band [Wise et al., 1979; Watters and Maxwell, 1986; Watters, 1993] . The type locality for ridged plains on Mars is the Hesperia Planum region (Figure 1 ), situated northeast of Hellas Planitia [Scott and Tanaka, 1986; Greeley and Guest, 1987; Watters and Chadwick, 1989] . In contrast to Lunae Planum and other ridged plains on Mars, the wrinkle ridges in Hesperia Planum are well developed in two main directions: NW and NE [Watters and Chadwick, 1989; Watters, 1993; Goudy and Gregg, 2001, 2002] . The curiously orthogonal pattern in this area provides a unique opportunity to explore temporal and kinematic relationships between two populations of wrinkle ridges.
[4] On Earth, fault slip has been shown to cause changes in the local stress field and can trigger earthquakes on neighboring faults [e.g., Freed and Lin, 1998; Anderson and Johnson, 1999; Stein, 1999; Ziv and Rubin, 2000; Lin and Stein, 2004] . Recent studies show that stress changes as small as 0.01 MPa may trigger movement along a nearby fault [Reasenberg and Simpson, 1992; Stein et al., 1992; King et al., 1994; Fialko and Simmons, 2001] . Freed and Lin [1998] and Lin and Stein [2004] showed that thrustrelated earthquakes cause a coseismic increase in Coulomb stress along antithetic lobes normal to the slip plane. The lateral extent of the lobes depends primarily on fault dip and slip magnitude [Freed and Lin, 1998 ].
[5] In this paper, we demonstrate that the two sets of wrinkle ridges in Hesperia Planum are temporally distinct. Within each set the wrinkle ridges are morphologically similar, but the comparison between sets reveals an unequal development of the NE striking wrinkle ridges, which indicates a more complex formational sequence than previously concluded. We show that the NW striking set of subwrinkle ridge thrust faults reactivates older faults, which subsequently localize wrinkle ridges on top of the Hesperia Planum deposit in two directions, under the same (Amazonian) remote stress state. The formational sequence is shown to occur in three stages (Figure 2 ): the older (NE) thrust faults form prior to the deposition of Hesperia Planum and are buried, secondly the stress state changes and wrinkle ridges begin to form in the NW striking direction. With the formation of the NW striking wrinkle ridges the buried NE thrust faults are reactivated as wrinkle ridges on top of the Hesperia Planum deposit. The concept of thrustfault reactivation in the Hesperia Planum region implies a stress state rotation of 90°between the formation of the older, late Noachian structures, and younger, post late Hesperian/early Amazonian wrinkle ridges.
Spatial and Temporal Distribution of Wrinkle Ridges in Hesperia Planum

Relative Timing and Age Relationships
[6] Relative ages of the ridged plains of Hesperia Planum, using impact crater densities, were obtained from Tanaka's [1986] method [Greeley and Guest, 1987; Crown et al., 1992; Tanaka and Leonard, 1995; Gregg et al., 1998; Mangold et al., 2000; Leonard and Tanaka, 2001; Mest and Crown, 2001] . In general, these studies agree that the ridged plains material is early Hesperian [Tanaka, 1986; Greeley and Guest, 1987; Mangold et al., 2000; Leonard and Tanaka, 2001; Mest and Crown, 2001] , with younger ages (late Hesperian to early Amazonian) in the southern part of Hesperia Planum [Mangold et al., 2000] , and a Noachian age for the surrounding highlands. The volcanic flank flow unit of Tyrrhena Patera [Greeley and Crown, 1990] in southwestern Hesperia Planum (Figure 1 ) is late Hesperian to early Amazonian in age [Crown et al., 1992; Gregg et al., 1998 ].
[7] Numerous studies have been conducted with Viking Orbiter data to determine the relative ages of each set of wrinkle ridges in Hesperia Planum [Chadwick, 1991; Porter et al., 1991; Watters, 1993; Mangold et al., 2000; Goudy and Gregg, 2002] , although no agreement had been reached prior to this study. Within the Tyrrhena Patera flank flow unit, two wrinkle ridge sets have been identified that date from late Hesperian to early Amazonian [Crown et al., 1992; Gregg et al., 1998 ]. Using cross-cutting relationships Porter et al. [1991] determined that within the Tyrrhena Patera flank flow unit the NW striking wrinkle ridges are younger than the flank flow unit and the NE striking wrinkle ridges, while the NE striking wrinkle ridges are older than, or temporally inseparable from, the flank flow unit (late Hesperian/early Amazonian).
[8] In contrast to the timing events observed in southwestern Hesperia Planum by Porter et al. [1991] , Chadwick [1991] found no consistent relationship when he examined 60 wrinkle-ridge intersections in eastern Hesperia Planum. Observations reported by Mangold et al. [2000] show that most of the ridges in the NE striking direction are older, but some of the NE striking ridges appear deformed by NW striking wrinkle ridges. They concluded that both sets of wrinkle ridges in Hesperia Planum formed contemporaneously. Goudy and Gregg [2002] examined intersections using cross-cutting relationships and made the same observations (i.e., NE striking ridges deformed by NW striking ridges and NW striking ridges deformed by NE striking ridges) as Mangold et al. [2000] ; however, Goudy and Gregg [2002] concluded that the NW striking wrinkle ridges were older. This inconsistent pattern is explained The boundary between Hesperia Planum and the surrounding highlands is marked by a change in topography and surface geology. Mapped after Greeley and Guest [1987] .
partly by a combination of complex thrust fault geometry at the intersection of two wrinkle ridges [e.g., Twiss and Moores, 1992; Rigo et al., 2004] , and that the observations were made with Viking Orbiter images.
Reevaluation of Wrinkle Ridge Timing
[9] Wrinkle ridges in Hesperia Planum occur in an orthogonal pattern with ridges trending in the NE and NW striking directions [e.g., Watters and Chadwick, 1989; Watters, 1993; Goudy, 2002] . Goudy [2002] mapped all linear to sublinear wrinkle ridges visible in the Viking Orbiter images in Hesperia Planum, with Hesperia Planum boundaries mapped after Greeley and Guest [1987] (Figure 1) , to statistically determine wrinkle-ridge orientations. Each linear to sublinear wrinkle ridge was weighted according to length and analyzed according to strike direction. Two populations of wrinkle ridges were found with mean orientations of 53 ± 25°and 141 ± 32°in the NE and NW striking directions, respectively [Goudy, 2002] . The next step was to determine the relative timing between wrinkle-ridge sets to understand the formational mechanism and the evolution of Hesperia Planum.
[10] Digital elevation models of Hesperia Planum were created for this study with a resolution of 200 pixels per degree from high-resolution Mars Orbiter Laser Altimeter (MOLA) data ( Figure 3 ) (see for method and discussion). We used these to reexamine the timing of wrinkle ridges in Hesperia Planum. MOLA topography allows us to identify wrinkle ridges and the subjacent thrust faults more definitively than is possible using the Viking Orbiter images, and cover a larger area than the Mars Orbiter Camera (MOC) images, which enables us to evaluate timing relationships, in detail, among wrinkle-ridge sets over a large area. A digital elevation model (DEM) of eastern Hesperia Planum ( Figure 3 ) reveals a consistent relationship of the NE striking wrinkle ridges being topographically lower than the NW striking wrinkle ridges. The NE striking wrinkle ridges occur adjacent to the NW striking wrinkle ridges and become more subdued with distance from the intersection, which suggests that the NE striking wrinkle ridges are older thrust faults that were reactivated by the NW striking wrinkle ridges. This same timing relationships (i.e., cross-cutting relationships) are observed in the Thermal Emissions Imaging System (THEMIS) images (e.g., I08011003N, I08017011N); however, because wrinkle ridges are defined on the basis of topographic morphology, the relationship is better seen in the DEMs. The NW striking wrinkle ridges consistently override the NE striking wrinkle ridges and are thus temporally distinct on the basis of this cross-cutting relationship. In previous studies these timing relationships were not readily apparent (Figures 3b and 3c ) [e.g., Chadwick, 1991; Porter et al., 1991; Goudy and Gregg, 2002] . Figure 3b shows a clear example in the DEM where the NW striking ridge overrides the NE striking ridge and is younger on the basis of this relationship. The opposite relationship is suggested in the Viking Orbiter image, where the NE striking ridge appears to override the NW striking wrinkle ridges. This opposite relationship is due to the unfavorable illumination geometry in the Viking Orbiter data, which is from the northwest. The illumination geometry accentuates shadows associated with NE striking wrinkle ridges, which complicates cross-cutting relationship interpretations. MOC images have a small areal coverage in each image, so regional analysis is not possible from this data set.
Wrinkle Ridge Topography
[11] Timing and morphologic observations of each set of wrinkle ridges are clearly demonstrated in Figure 3 . The individual wrinkle-ridge topography is consistent within each set, but differs between the two sets, i.e., shallower topography in the NE striking wrinkle ridges (Figure 3) . The broad rise of each wrinkle ridge in the NW striking direction is consistently on the SW limb. This can be seen on the DEM (Figure 3 ) as well as in individual MOLA topographic profiles and is interpreted as a blind thrust dipping toward the SW [see Schultz, 2000; Schultz, 2003, 2004; and references therein] . The NW striking wrinkle ridges are more continuous than the NE striking ridges, where many ridges extend from the intersection of the NW striking ridge to tens of kilometers and Figures 3b and 3c show an example of a cross-cutting relationship that can be misinterpreted using only the Viking Orbiter data due to illumination geometry. In Figures 3a and 3b , illumination is from the north, and in Figure 3c , illumination is from the northwest. then disappear as their relief diminishes to zero (Figures 3  and 4) . In contrast, the NE striking wrinkle ridges dip in the NW direction, because the broad rise is on the NW side of the wrinkle ridges (Figure 3) .
[12] There is a significant and systematic morphologic difference between the two sets of wrinkle ridges (Table 1) . The NE striking wrinkle ridges show an echelon pattern, are shorter than NW striking wrinkle ridges, only occur adjacent to NW striking wrinkle ridges (Figure 3) , and the topography of some NE striking ridges becomes subdued with distance from the NW striking ridge (Figures 3 and 4) . Many NE striking wrinkle ridges parallel scarps, interpreted to be thrust fault scarps, outside of Hesperia Planum in the Noachian highlands. In a few places in the eastern part of Hesperia Planum NE striking wrinkle ridges are observed extending into the Noachian highlands as thrust fault scarps (Figure 3) . The thrust fault scarps in the highlands are coincident with late Noachian to early Hesperian faulting [Watters, 2003a [Watters, , 2003b ]. These observations demonstrate that the two sets of wrinkle ridges are not equally developed as might be expected if formation occurred by two temporally distinct thrust faulting/wrinkle ridge building events [e.g., Chadwick, 1991] (Figure 4) .
[13] There are two alternative scenarios to explain the wrinkle ridge pattern in Hesperia Planum. The first is that the wrinkle ridges are sequential with the NW striking wrinkle ridges being older than the NE striking wrinkle ridges, with the propagation of the NE striking wrinkle ridge producing the wrinkle on the top of the NW striking wrinkle ridge. If this were the case, we would expect continuity of both sets of wrinkle ridges. Instead, we see an echelon pattern in the NE striking wrinkle ridges, with NE striking wrinkle ridges only occurring adjacent to NE striking ridges. In the second scenario the two sets of wrinkle ridges formed contemporaneously [Mangold et al., 2000] . This situation requires a complicated horizontal stress state, which allows formation of orthogonal structures where both horizontal principal stresses are nearly equal. In this situation we would expect both wrinkle ridge sets to show a continuous pattern and cross-cutting relationships would be inconsistent in the DEMs. We find that the only the NW striking wrinkle ridges have a continuous pattern The source fault (beneath the NW striking wrinkle ridge) is continuous and is shown in black. The receiver fault (the wrinkle ridge is above the reactivated NE striking thrust fault) is shown in gray and displays an echelon pattern which dies out with distance from the NW striking wrinkle ridge. and timing relationships are consistent in the DEMs (Table 1) . Therefore we investigate the possibility of NW striking wrinkle ridges reactivating preexisting buried Noachian thrust faults, following a stress state rotation between the late Noachian to the early Amazonian.
Methods
[14] The observations of the two wrinkle-ridge sets made from the DEMs, i.e., timing and morphological differences, and the continuation of wrinkle ridges into the highlands as thrust fault scarps, suggest that the orthogonal pattern in Hesperia Planum reduces to a fault reactivation, i.e., triggered slip, problem. For terrestrial data sets, the standard approach to fault reactivation problems involves calculating the change in Coulomb failure stress induced on an older fault by slip on a younger fault, which we follow after King et al. [1994] [e.g., Freed and Lin, 1998; Harris, 1998; Harris and Simpson, 1998; Stein, 1999; Ziv and Rubin, 2000; Wilkins and Schultz, 2003; Lin and Stein, 2004] .
[15] Fault reactivation of NE striking wrinkle ridges is examined here by calculating the change in Coulomb failure stress (DCFS) along a receiver fault (the older thrust faults) oriented perpendicular to a source fault (beneath the younger wrinkle ridges) in the NW striking direction using the dislocation program COULOMB [Toda et al., 1998 ]. Since many ridged plains units are interpreted to result from flood volcanism and lunar wrinkle ridges formed in material of basaltic composition [Greeley et al., 1977; Scott and Carr, 1978; Scott and Tanaka, 1986] , we tested our model assuming a basaltic stratigraphy. A friable material, tuff, was also investigated, because the flanks of Tyrrhena Patera are dissected by radial channels and the material surrounding Tyrhenna Patera is characterized by shallow slopes (<2°), both suggesting a pyroclastic origin .
[16] The Coulomb failure criterion is given by
where Dt is the change in shear stress in the slip direction and Ds n is the change in normal stress along the receiverfault plane. The apparent coefficient of maximum static friction (m 0 ) is taken to be 0.4, and implicitly accounts for changes in pore pressure that arise from changes in normal stress, bulk moduli and porosity of the fault rock [e.g., Harris, 1998; Harris and Simpson, 1998; Freed and Lin, 1998 ]. The apparent coefficient of maximum static friction is determined for rock by analogy to Skempton's coefficient, B, which ranges between 0 and 1, defined as [Harris, 1998; Beeler et al., 2001] ,
where m, the coefficient of friction, is 0.6 [Harris, 1998 ]. Therefore, when B = 0.333 [see Harris, 1998; Beeler et al., 2001] ,
Changes in pore pressure and dynamic friction during faulting may change m 0 ; however, modest variations in this parameter would not significantly alter the results [e.g., King et al., 1994; Schultz and Lin, 2001] . Use of the Coulomb frictional sliding criterion on Mars is a special case of rate-and-state friction due to the lack of data on temporally dependent changes in slip rate and fault-related friction [Gomberg et al., 1998] . In this approach m 0 is independent of the magnitude of stress changes and time; it behaves as a material constant [Simpson and Reasenberg, 1994; Beeler et al., 2000] , and appears to be representative of in situ conditions on Mars where a mechanically weak layer is present .
[17] Elliptical slip distributions were designated along strike of the source fault, with maximum values defined from
where g is approximately 0.001 [Schultz and Fossen, 2002; Wilkins et al., 2002; Wilkins and Schultz, 2003] , and L is the length of the thrust fault beneath the wrinkle ridge, which is typically about 100 km [see Goudy, 2002; Goudy and Gregg, 2002] .
[18] A stress field appropriate for Coulomb frictional sliding in a thrust-faulting regime is adopted for all calculations [King et al., 1994; Toda et al., 1998 ]. This stress state is defined using horizontal s 1 and vertical s 3 stresses
where q 0 is the bulk friction parameter [Jaeger and Cook, 1979] , [Schultz, 2005] , and r is dry rock density, taken to be 2700 kg/m 3 for basalt and 2100 kg/m 3 for tuff, g is gravity 3.72 m/s 2 , and z is depth. Compressive strength of the rock mass, s* c , is a function of the compressive strength of the [Goodman, 1989; Schultz, 1995] . Parameter s, associated with the Hoek-Brown failure criterion, reflects the degree of interlocking and fracturing of the rock, given by
where rock mass rating (RMR) is taken to be 55 for both basalt and tuff, on the basis of terrestrial analogs [Bieniawski, 1989; Schultz, 1993] . Wrinkle ridges in Hesperia Planum, in the NW direction, are on the order of 100 km long [Goudy, 2002] ; therefore, at the time of formation, and in our model, wrinkle ridges are taken to be in plane strain with vertical deformation resulting from stress from two horizontal components (s 1 and s 2 ). The intermediate principal stress, parallel to the wrinkle ridge, s 2 , is given by
where Poisson's ratio, n, is 0.25. Young's modulus for the rock mass (E*) is given by [Bieniawski, 1989 ]
and the shear modulus, G, is calculated using
[19] The orientation of the optimum slip plane of the subjacent thrust fault, q f , was determined using
This is the angle between s 1 and the normal to the optimum slip plane. Using m 0 = 0.4, the thrust faults should dip at 36 ± 2°. This optimal slip angle is used for both the source fault and the receiver fault. Many wrinkle ridges extend into the highland material as thrust-fault scarps, which reflect regional deformation (beyond the site of Hesperia Planum) during the late Noachian to early Hesperian (Figure 3 ) [Schultz, 2000; Watters, 1993 Watters, , 2003a Watters, , 2003b . These fault scarps dip at approximately 30° [Schultz and Watters, 2001] , which is close to the estimate calculated in this study for the optimal angle of thrust fault slip, 36° [Byerlee, 1968; Watters, 1993; Sibson, 1994] .
[20] The relative dip directions with respect to the source fault and receiver fault were obtained from the DEM of Hesperia Planum (Figure 3) . The source fault is set along the horizontal x axis and dips toward the negative y direction. The receiver fault is set along the vertical y axis and dips toward the negative x direction (Figure 5a ). Coulomb stress change calculations on the plane of the receiver fault are made for a 150 element grid. Coulomb stress changes and the associated rake, or direction of slip, are resolved on the surface of the receiver fault [Jaeger and Cook, 1979; Sibson, 1994; Bruhn and Schultz, 1996] . Figure 5 . As the source fault (indicated by the solid line) approaches the receiver fault (dashed line) (a) reactivation along the receiver fault (shaded, with thrust symbol) is triggered adjacent to the source fault, (b) the reactivated area spreads along the receiver fault as the source fault propagates toward the receiver fault, and (c) reactivation becomes hindered at the intersection of the two faults but continues to spread along the receiver fault with distance from the intersection. Increased Coulomb failure stress change promotes frictional sliding on the receiver fault (positive DCFS), and decreased values hinder slip along it (negative DCFS) [Gross and Kisslinger, 1994; Harris and Simpson, 1998 ]. Positive DCFS as small as 0.01 MPa increases the likelihood of triggered slip [Reasenberg and Simpson, 1992] . Because changes in the local stress state around faults are spatially variable, DCFS is calculated using equation (1) in a threedimensional homogeneous and isotropic linear-elastic halfspace [Pollard and Segall, 1987; King et al., 1994; Toda et al., 1998 ]. The rake along each receiver fault is determined from a combination of the induced stress field and the regional stress field, where displacement occurs in the direction of the maximum shear stress along the surface of resolved stresses.
Results
[21] Cumulative Coulomb stress changes along receiver faults in both basalt and tuff are calculated as a source fault approaches ( Figure 5 ) and after the source fault has intersected and propagated through the receiver fault ( Figure 6 ). The changes in Coulomb failure stress vary with depth and, especially, distance along the receiver fault plane. The changes in Coulomb failure stress on the Martian surface are calculated in map view (Figure 6a) , and show the source fault producing a positive change in Coulomb failure stress in front of and behind the source fault, in addition to positive changes along the receiver fault plane. Slip is triggered as the source fault propagates toward the receiver fault ( Figure 5 ). At the intersection of the two faults, the receiver fault is locked there, and slip is promoted within tens of km from the intersection itself.
[22] In regions surrounding source faults, Coulomb stress changes predict failure in a thrust sense along pre-existing orthogonal faults, which is shown by a positive change in Coulomb failure stress (Figure 6 ). The associated rake shows thrust movement is triggered toward the intersection. Negative changes in Coulomb failure stress, associated with slip impedance, exist on the receiver fault in areas adjacent to the footwall of the source fault (Figure 6b ). This indicates that the angle and direction that the source fault is dipping are critical to triggering slip along the receiver fault plane.
[23] Coulomb failure stress change for tuff is smaller than that for basalt when all other conditions are the same (i.e., an optimum fault dip angle of 34°, 100 m displacement, etc), because tuff has a lower density and compressive strength. The changes calculated for both basalt and tuff are cumulative changes in Coulomb failure stress throughout the entire reactivation history of this area, instead of a Figure 7 . MOC wide-angle image showing a volcano-tectonic channel that is radial to the summit caldera of Tyrrhena Patera (http://www.msss.com, M02-04725).
single slip event. The calculations of changes in Coulomb failure stress for basalt range from À100 to 100 MPa, and for tuff this change is less, À50 to 50 MPa. This indicates that there is a smaller amount of Coulomb failure stress change necessary to produce the observed topography in tuff than in basalt, and slip may be triggered at greater distances from the source-fault in tuff than in basalt. In the area of Hesperia Planum the spacing between wrinkle ridges in the NE striking direction ranges from 16 to 32 km [Goudy and Gregg, 2002] . The stress-triggering results are compatible with this cross-strike spacing for either lithology.
Discussion
[24] The results of this study support two temporally distinct stress states and three deformational events (see Figure 2 ): (1) the formation of subsurface thrust faults in the NE striking direction, beneath the present Hesperia Planum in the late Noachian/early Hesperian; these thrust faults formed under a NW-SE compressive stress state; (2) a stress state rotation of about 90°; (3) formation of the NW striking thrust faults and their overlying wrinkle ridges, which caused the reactivation of the NE striking thrust faults to localize new wrinkle ridges on top of the Hesperian deposit in late Hesperian/early Amazonian time.
[25] Porter et al. [1991] found that the NE striking wrinkle ridges are older than the NW striking wrinkle ridges and older or temporally inseparable from the Tyrrhena Patera flank flow unit. Greeley and Crown [1990] suggest that the association of several large linear morphologically distinct volcano-tectonic channels and units composed of lavas indicates formation by tectonism and volcanism. The general trend of the radial volcanotectonic channel is roughly parallel to the NE striking wrinkle ridges (Figure 7) . The correlation of the formation of Tyrrhena Patera in the Noachian, the temporal relationship between wrinkle ridges and the flank flow unit of Tyrrhena Patera, and the orientation of the large volcano-tectonic channel suggest the NW striking wrinkle ridges reactivated thrust faults, which initially formed in the late Noachian/early Hesperian [Greeley and Crown, 1990; Gregg et al., 1998 Gregg et al., , 2002 . Because pre-existing thrust faults in the NE striking direction represent the same deformational event that formed thrust fault scarps in the highlands, which we can infer from the transition of wrinkle ridges into the highlands as thrust fault scarps in eastern Hesperia Planum, then we place the age of the initial NE striking thrust faults to be of late Noachian to early Hesperian [Watters, 2003a [Watters, , 2003b , which is in agreement with the cross-cutting relationships observed near Tyrrhena Patera [Porter et al., 1991] . This implies that models or causes of northeast-trending faults, e.g., in association with the crustal dichotomy [Watters, 2003a [Watters, , 2003b , would apply only to the NE striking thrust faults in Hesperia Planum, prior to their reactivation.
[26] The younger wrinkle ridges formed later than the Tyrrhena Patera flank flow unit [Gregg et al., 1998 ] and later than the NE striking thrust faults. Therefore the most recent of these events is the formation of the NW striking wrinkle ridges and reactivation of the NE striking thrust faults in the late Hesperian to early Amazonian, which implies geologically recent thrust fault tectonism in this area of eastern Mars.
[27] Fault dip on each set of wrinkle ridges is consistent within each set of wrinkle ridges. The formation of the NE striking thrust faults occurring in the Noachian and the NW striking wrinkle ridges not forming until after the late Hesperian to early Amazonian may indicate a change in the thermal state of the lithosphere that accompanied a stress state rotation [Montési and Zuber, 2003] . A detailed analysis of wrinkle ridge spacing is needed to assess this hypothesis.
Conclusions
[28] The observations made in the DEMs, i.e., NE striking wrinkle ridges having a consistently subdued topography compared to the NW striking wrinkle ridges, the echelon pattern of NE striking wrinkle ridges, the extension of wrinkle ridges into the highlands as late Noachian/early Hesperian thrust fault scarps, and the existence of NE striking ridges only in proximity to NW striking ridges, are consistent with, and best explained by, fault reactivation. The results of the stress-triggering investigation in this study show that fault reactivation is likely to have occurred along the older receiver fault, from movement along the younger source fault at distances given by wrinkle-ridge spacing in Hesperia Planum. The associations of NE striking wrinkle ridges to the flank flow unit and the volcano-tectonic channel of Tyrrhena Patera, and the continuation of these ridges into the highlands as thrust fault scarps suggest that this older set of thrust faults formed no later than the late Noachian/early Hesperian. The NE striking thrust faults were later reactivated to form wrinkle ridges by the thrust faults beneath NW striking wrinkle ridges in the late Hesperian/early Amazonian.
